Abstract-Matrix remodeling plays an important role in the physiological and pathological remodeling of blood vessels.
P
hysiological and pathological vascular remodeling in response to a variety of stimuli, including hemodynamic changes, inflammation, and injury, leads to reshaping of the vessel wall. Inappropriate remodeling is currently thought to be the main cause of most prevalent vascular pathologies of arteries, including atherosclerosis and restenosis. 1 Degradation of the matrix scaffold enables cell movement and general tissue reorganization, making specialized enzymes called matrix metalloproteinases (MMPs) 2 prime candidates for agents of vascular remodeling. 3 Although many studies have addressed and endorsed a role for MMPs in pathological remodeling, suggesting these as potential therapeutic targets in restenosis and atherosclerosis, due to the current lack of specific MMP inhibitors, such studies could not resolve the identity of the specific relevant MMP(s). We thus decided to explore the effects of MMP-9 genetic deficiency on the remodeling of carotid arteries in the flow cessation murine model, 4 which allows investigation of both formation of intimal hyperplasia and arterial geometrical remodeling, 5 the two main processes implicated in the stenotic remodeling of human arteries.
further fixed for 16 hours were embedded in paraffin. The Emory University Committee on Institutional Animal Care and Use approved all protocols.
An expanded Materials and Methods section can be found in the online data supplement available at http://www.circresaha.org.
Morphometric and Statistical Analysis
To minimize animal to animal variation, all morphometric measurements were performed at the vascular lesion apex, identified in each individual carotid artery using a procedure previously described in detail. 5 For each time point, morphometric measurements obtained from 4 to 5 individual carotid arteries were used to generate a mean valueϮSEM. For multiple comparisons, we tested differences between groups using ANOVA, followed by a t test to reveal significant differences, with a value of PϽ0.05 considered significant. Linear regression, using intimal thickness as the predictor and EEL as the dependent variable, was performed for the day 1 to day 7 specimens (Minitab 13).
Collagen Analysis
We used a modification of the Escolar et al 7 technique to quantify collagen after specific staining of paraffin sections with Picrosirius red (online data supplement). Collagen quantification was done at the lesion apex for 3 to 5 carotid arteries per time point.
Immunohistochemistry
Tissue sections from the apex were rehydrated, deparaffinized, and blocked for endogenous peroxidase activity and then for nonspecific staining. We used anti-SMC actin antibody (Sigma; 1:200) followed by the MOM kit (Vector Labs) to minimize nonspecific staining, and chromogenic reaction with the DAB kit (Vector Labs). Anti-Mac3 (Rat anti-mouse, Pharmingen, 1:500), followed by Rhodamine Red X goat anti-rat (Jackson Immunoresearch; 1:50) was used for detection of macrophages. For fluorescence microscopy, cell nuclei were counterstained with Hoechst 33258 (Sigma).
In Vitro Experiments With Mouse Aortic SMCs
Arterial SMC were obtained from outgrowths of aortic explants harvested from MMP-9 KO and WT mice (online data supplement). The capacity of SMCs to contract a collagen gel was estimated using water exclusion as a measure of gel contraction 8 (online data supplement). Migratory activity of WT or MMP-9 KO SMC was compared determining the total number of cells and the average distance traveled from the wound edge 24 hours after wounding of confluent monolayers in serum-free conditions (details in online data supplement).
SDS-PAGE Zymography
Levels of MMP-2 and MMP-9 were detected in tissue lysates of individual carotid arteries normalized by protein (20 g), run in parallel with prestained molecular weight markers (BioRad) in 10% SDS-PAGE gels containing 1% gelatin, as described previously. 5 The optical volume-density product of individual lytic bands was quantified using the Molecular Analyst program (BioRad) and compared with a mouse MMP-9 standard obtained from cultured WT mouse bone marrow macrophages.
Data Analysis
Biochemical data obtained for each carotid artery by densitometric analysis of gels were averaged for 4 to 5 individual carotid arteries per each time point. Collagen gel contraction and SMC migration data were resultant from 3 independent experiments. For all data, comparisons were made by ANOVA followed by Student's t test to compare the means of multiple groups using Microsoft Excel and Minitab Release 13. Means were considered significantly different if PϽ0.05.
Results
The profile and evolution of gelatinolytic activity, detected by SDS-PAGE zymography in the ligated arteries of the 129/ Figure 1 . Gelatinolytic activity present in tissue extract of carotid arteries harvested from the carotid arteries of MMP-9 KO and WT mice at several time points after ligation (SDS-PAGE gelatin zymography). Presence of MMP-9 and MMP-2 is indicated by their lytic activity (white bands) and apparent molecular weight. MMP-9 activity is induced in the remodeling WT carotid artery as early as 1 day after ligation. As expected, MMP-9 expression is undetectable in the KO arterial tissue (or by isolated SMC, see online data supplement). No compensatory regulation of other gelatinases was detectable. Lower graphs illustrate quantification of MMP-2/9 levels obtained from averaging densitometric data obtained from 5 to 7 independent carotid arteries for each time point by SDS-PAGE gelatin gels.
SvEv WT strain used in the present experiments (Figure 1 ) indicated the early induction of MMP-9, similar to our previous observations in the remodeling carotid artery of the C57 Black 6J (C57BL/6J) mice. 5 As expected, no MMP-9 activity was detected at any time point in the MMP-9 KO. Importantly, we did not detect any compensatory increase of gelatinolytic activity by MMP-2 or other gelatinases, neither in the MMP-9 KO carotid artery tissue extracts (Figure 1 
MMP-9 Deficiency Decreases the Late Lumen Loss
The lumen size is of major importance for the proper function of a remodeling artery, thus we have investigated the ultimate effects of MMP-9 deficiency on the lumen size. In the WT mouse, although the increased size of the EEL did not reach statistical significance, as found previously in this model in the C57 BL/6 background, 9 formation of the neointima initially did not result in a lumen loss, suggesting early compensation through geometrical remodeling. On the other hand, in the MMP-9 KO mouse, the lumen tended to be smaller in spite of significantly decreased intimal thickening of the remodeling carotid arteries up to 7 days ( Figure 2 ). This trend was later reversed such as at 28 days we found that the residual lumen, expressed by normalizing the lumen size to the value at day 0 ( Table) was only 14% of initial size in WT carotid arteries, whereas this was nearly 50% of the initial lumen in the MMP-9 KO at 28 days. As a result, the remodeling carotid arteries had significantly larger lumen in the MMP-9 KO compared with the WT (37.0Ϯ11.0ϫ10 3 m 2 versus 13.0Ϯ5.0ϫ10 3 m 2 at 28 days; PϽ0.05). To explain this significant effect on the late lumen size, we further investigated the effect of MMP-9 deficiency on the two major processes that determine lumen size, intimal thickening, and geometric arterial remodeling.
Effect of MMP-9 Deficiency Upon the Late Lumen Loss

MMP-9 Deficiency Decreases Intimal Thickening
We found that the neointima thickness tended to be smaller in the MMP-9 KO compared with the WT remodeling arteries ( Figure 2 ). The difference increased with time, becoming statistically significant at 28 days (44.0Ϯ14.5ϫ10 3 m 2 in KO versus 66.0Ϯ22.5ϫ10 3 m 2 in WT, nϭ5; PϽ0.05). Cell type-specific immunostaining showed that neointima contained mainly SMC ␣-actin-positive cells in both the MMP-9 KO and WT, whereas inflammatory cells were not detected in these lesions (Figure 3 ). An analysis of cell number in the neointima, performed by image analysis of Hoechst nuclear staining, confirmed a decreased number of intimal cells in the MMP-9 KO versus WT mice at all time points (online Table) .
MMP-9 Deficiency Decreases Migration of SMCs
The arterial intima of many species used as experimental models for remodeling, including the mouse, does not initially contain SMCs. Thus, cells need to migrate from the medial layer across the internal elastic lamina (IEL) to give rise to the neointima (Figure 3) , offering a convenient experimental system for investigating factors that modulate SMC migration in vivo. Although such models, especially the rat carotid artery injury model, have been used for many years, methods that precisely quantify smooth muscle migration in vivo are still unavailable. We estimated SMC migration into the neointima for the first 3 days of remodeling using a simple model, as previously described in detail. 5 The number of intimal cells at any given time point was considered to be the net result of adding cells, through earlier migration from the medial layer and proliferation within the neointima, and loss of cells, through death and potentially through emigration. However, during this time interval, death of intimal SMCs based the nuclear staining pattern with Hoechst 10 was found to be negligible (not shown). Using the in vitro thymidine incorporation assay, we found that proliferation rates of cultured MMP-9 KO and WT SMCs were not significantly different (not shown), and we estimated that the doubling time was 24 hours. Using the actual values obtained from image analysis of tissue specimens of WT or MMP-9 KO, we estimated that approximately 3 times more cells had migrated into the intima of WT compared with the MMP-9 KO carotid arteries (38 in WT versus 12 in KO) within the first 3 days of remodeling. Difference is maintained if we consider that in vivo cell doubling time was shorter (eg, for 16 hours: 33 cells in WT versus 8 cells in KO).
For a more accurate assessment of the effects of MMP-9 deficiency on SMC migration, we performed in vitro experiments using SMCs isolated from the medial layer of MMP-9 KO or WT aortas. We found that MMP-9 deficiency was associated with significant impairment of SMC migration ability (Figure 4) , expressed either as the total number of migrating cells (61Ϯ5 for KO versus 116Ϯ12 for WT; PϽ0.05), or as the average distance traveled by each cell during the assay (50Ϯ12 m for KO versus 102Ϯ6 m for WT; PϽ0.05) (Figure 4 ). Taken together, these results suggest that the inhibitory effect of MMP-9 deficiency on SMC migration was a major reason for decreased neointima formation. In contrast, the sparse cell nuclei above the IEL in the MMP-9 KO carotid artery at 7 days suggest delay in neointima formation. Bottom, Immunohistochemical staining for macrophages, which were not detectable in either WT or MMP-9 KO carotid arteries even in fully developed lesions, suggesting that circulating monocytes are not a significant contributor to neointima formation in these mice. In contrast, macrophages were readily detectable in the neointima triggered by the same procedure in the ApoE KO carotid arteries (Positive control, red signal of Texas Red-labeled secondary antibody). Negative control illustrates the level of fluorescence in specimens processed by omitting the primary anti-macrophage antibodies.
MMP-9 Deficiency Blunts Geometrical Remodeling of Carotid Artery
At day 7, in spite of greater neointimal thickening in the WT arteries (11.0Ϯ2.8 m for WT versus 6.1Ϯ1.8 m for KO), their average lumen was larger than that of the MMP-9 KO (Figure 2 ), suggesting potential additional effects of MMP-9 deficiency on the early compensatory geometric remodeling. A statistical analysis of morphometric data collected from 0, 1, 3, and 7 day time points plotting a linear regression of the external elastic lamina (EEL, dependent variable) against intimal thickness (independent variable) ( Figure 5 ) indicated that the size of neointimal thickening was a strong predictor of the EEL perimeter in the WT carotid artery (r 2 ϭ0.63, PϽ0.01). In contrast, neointimal thickness did not correlate with the EEL perimeter in the MMP-9 KO carotid arteries during early remodeling (r 2 ϭ0.11, PϭNS), suggesting that MMP-9 deficiency had impaired the physiological tendency for remodeling that compensates for development of intimal lesions.
MMP-9 Participates in the Metabolism and Organization of Interstitial Collagen
We hypothesized that the impaired arterial geometrical remodeling in MMP-9 -deficient animals may be mediated through effects on collagen metabolism and/or organization, thought to play an important role in the geometrical remodeling of arteries. While constrictive arterial remodeling was found to bear resemblance to wound contraction, 11 characterized by increased collagen synthesis and tissue contraction by cells, degradation of the existing collagen scaffold is most likely necessary to allow for the outward or expansive remodeling of the arterial wall.
Accumulation of fibrillar collagen in the remodeling mouse carotid artery, as indicated by analysis of Picrosirius red staining, was found to be most striking in the adventitial layer ( Figure 6 ). . Accumulation of interstitial collagen within the wall might oppose the expansive remodeling, as suggested by the morphometric data in the MMP-9 KO arteries, or even constrict the arterial wall. However, at 28 days, in spite of a significant accumulation of collagen in the MMP-9 KO remodeling artery, the overall size (EEL) was comparable in the KO and WT arteries. This lack of tissue constriction in spite of collagen accumulation in the MMP-9 KO remodeling artery suggested the presence of an opposing mechanism. We thus investigated in vitro the hypothesis that MMP-9 deficiency impairs the capacity of arterial SMC to contract a collagen gel ( Figure 6 ). Indeed, we found that mouse MMP-9 KO arterial SMC have a significantly impaired capacity to contract collagen gels in vitro when compared with WT SMC (17.4Ϯ3.0% by MMP-9 KO cells versus 33.4Ϯ4.0% for WT; PϽ0.05).
Discussion
The action of MMPs has been linked to the pathological remodeling of blood vessels that constitutes the basis for cardiovascular conditions with significant mortality and morbidity. Specifically, MMP-9 has been associated with the development of lesions after vascular surgical interventions, 12 appears to have a role in vein graft occlusion after coronary bypass surgery, 13, 14 and seems to be associated with acute vascular syndromes, 15, 16 suggesting that MMP-9 may be an attractive target for therapeutic intervention. However, lack of specificity, poor oral bioavailability, and unrelated side effects of currently available synthetic inhibitors do not allow the proper demonstration of MMP-9 involvement in pathological arterial remodeling. We thus decided to investigate the role of MMP-9 in arterial remodeling by using targeted genetic disruption of MMP-9 gene, which results in complete loss of MMP-9 expression and activity, 6 and the mouse carotid artery flow cessation model. In spite of its inherent limitations, this animal model was found to allow the in vivo investigation of arterial geometric remodeling and intimal hyperplasia formation, 5 the two major processes that control pathological remodeling of human arteries. Our previous study in the C57BL/6J mouse strain also suggested a role for MMP-9 in both these processes. Although following the general pattern previously observed in the C57BL/6J background, the remodeling of mouse carotid arteries in the 129/SvEv background seemed attenuated, consistent with recent observations regarding strain-related differences in the magnitude of the carotid artery remodeling response. 17 Several previous studies have examined the possibility that MMP-2 and MMP-9 may facilitate SMC migration based on their basement membrane-degrading and elastolytic activity, 18 thought to contribute to growth of intimal lesions in atherosclerosis and restenosis; however, human arteries already have intimal SMCs. Increased expression and activity of MMP-2 and MMP-9 induction were detected in several experimental models of vascular lesion formation, including those triggered by balloon injury in the carotid artery of rats 19 -21 and rabbits. 22 Increased MMP-2 and -9 activity was associated also with SMC migration in vitro. 23 Nonspecific MMP inhibitors, as well as neutralizing anti-MMP antibodies were shown to limit SMC migration in vitro 24 proliferation in vitro and in situ 21, 25 and to delay formation of neointima in the rat model. 19, 20 Differences observed in our current in vivo and in vitro studies using the specific inhibition of MMP-9 due to genetic deficiency support a major enabling role of MMP-9 in SMC migration in vitro and in situ. We suggest that impairment of SMC migration is the major reason for decreased formation of intimal hyperplasia, supporting the utility of specific MMP-9 inhibitors to limit postintervention and in-stent restenosis. Use of nonspecific MMP inhibitors was also found to decrease SMC proliferation. 21 However, we do not expect this to have happened in our study where we found no differences in cell proliferation between WT and KO in situ as assessed in situ by BrdU incorporation (online Table) and in classical in vitro thymidine incorporation experiments with isolated SMCs (data not shown). Recent studies, including our own, have highlighted the contribution of recruitment of bone marrow-derived cells to formation of intimal lesions associated with postangioplasty restenosis, graft vasculopathy, and hyperlipidemia-induced atherosclerosis in the ApoE KO mouse. 26, 27 However, immunohistochemical analysis of the lesions in this study, as well as in our previous studies 9 did not reveal a significant number of macrophages, suggesting that circulating cells are not a major contributor to intimal lesions that do not involve endothelial denudation or an immunological challenge in mice that are not prone to atherogenesis.
Using an integrated approach to take into account the relation between changes in the EEL, intimal thickening, and the ultimate lumen size, we also found that MMP-9 deficiency affects arterial geometrical remodeling. Several studies have suggested that the inappropriate geometrical remodeling, either through lack of compensatory enlargement or due to the active shrinking of the remodeling artery, is in fact a more important determinant of lumen loss than intimal thickening. 28 -30 We propose that MMP-9 deficiency effects on geometrical remodeling were most likely exerted through modulation of collagen metabolism and organization. The action of MMPs, and particularly of MMP-9, has been recently associated with the outward arterial remodeling. 5, 31, 32 MMP inhibition using the wide spectrum inhibitor marimastat was found to decrease the constrictive arterial remodeling after balloon angioplasty in a pig model. 33 These findings are consistent with our observations of the effects of specific MMP-9 inhibition on arterial geometrical remodeling in deficient mice.
Compared with the WT, the MMP-9 KO remodeling artery showed a significant in situ accumulation of interstitial collagen, as assessed using quantification of the characteristic reaction with Picrosirius red, a histochemical stain that specifically reveals interstitial collagen 7 previously used to investigate in situ collagen accumulation in experimental and human arterial lesions. 34 Besides the potential implication of the participation of MMP-9 to geometric arterial remodeling via enhancing accumulation of collagen, we believe that this observation may have relevance to the biology of MMPs in Figure 5 . Linear regression analysis of external elastic lamina (EEL) dependence on the thickness of neointima confirms a positive correlation in the remodeling WT carotid arteries but not in the MMP-9 KO (r 2 ϭ0.11, PϭNS), suggesting that MMP-9 deficiency had impaired the physiological tendency of geometrical remodeling to compensate for growth of neointima.
vivo. Our finding suggests that MMP-9, known to degrade short collagens and elastin, may also participate directly or indirectly to the metabolism of interstitial collagen in vivo. Preliminary experiments suggest that the MMP-9KO and WT SMCs have comparable capacity for collagen synthesis in vitro (data not shown). If confirmed, this finding may indicate that MMP-9 has a larger in vivo array of substrates than previously inferred from in vitro experiments and, together with other previous observations reporting the collagen degrading capacity of MMP-2, 35 challenges the notion that interstitial collagenases are the only MMPs controlling the turnover of interstitial collagen in vivo. Limiting the knowledge regarding MMP in vivo substrates in general is the fact that our information is based largely on results from in vitro assays, testing purified enzymes against purified substrates, 2 which further emphasizes the importance of in vivo models. Another related issue was suggested by the lack of compensation by MMP-2 or other gelatinases in the MMP-9 KO, as demonstrated by gelatin SDS-PAGE zymography of tissue extracts and cell culture medium, suggesting that although MMP-2 and MMP-9 enzymatic activities may seem similar in vitro, these MMPs may have distinct activities in vivo.
Interestingly, the accumulation of collagen in the carotid arteries of MMP-9 KO did not enhance the constrictive remodeling of arteries, as expected from other studies, 11 and the late lumen loss, an undesirable effect in human arteries. We propose that this lack of constriction effect is due to the fact that MMP-9 deficiency seems to impair the capacity of cells to compact a collagen matrix, as indicated by our in vitro studies with isolated arterial SMCs. Although this appears to be a novel function for MMP-9, deserving further detailed study, similar effects have been reported for MMP-3. 36 Mechanisms that may be relevant for the organization of a matrix scaffold and could be controlled by MMPs include the modification of matrix components so as to increase cell adhesion or to provide additional binding sites for other matrix components and the release of biological active factors from the matrix.
Taken together, these experimental results suggest a key role for MMP-9 in vascular remodeling, through mechanisms that rely on degradation and reorganization of extracellular matrix. In addition, our results suggest that specific inhibition of MMP-9 may increase the collagen content of arteries, thus potentially their mechanical stability, while at the same time decreasing intimal hyperplasia and the late lumen loss. Because interstitial collagen is the major contributor to the mechanical strength of arteries in general and of atherosclerotic plaques, our observations may have significant implications regarding the role of MMP-9 in atherosclerotic plaque stability. They could provide mechanistic support for previous observations that correlated the weakening of the fibrous cap 37 with the increased MMP-9 activity in the vulnerable shoulders of atherosclerotic plaques, 38 supporting the contribution of MMP-9 to the destabilization of atherosclerotic plaques. These observations support the utility of specific MMP-9 inhibition as a therapeutic strategy in cardiovascular disease. 
